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Recent studies have shown that adult humans can learn
to localize sounds relatively accurately when provided
with altered localization cues. These experiments
provide further evidence for experience-dependent
plasticity in the mature brain.
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Sensory systems exhibit substantial plasticity during
development as the connectivity and response properties
of neurons are refined in response to changing patterns of
neural activity. Many studies have shown that the anatom-
ical and functional organization of the brain regions
responsible for sensory processing — particularly at the
level of the cortex — are shaped by experience during
specific periods of early postnatal life. It is, however, now
well established that certain properties of the mature brain
are not ‘hard wired’, but instead show a marked capacity
for reorganization as a result of changes in the activity pat-
terns of sensory inputs or because of behavioural training
[1]. This view has received further support recently from
studies demonstrating plasticity of auditory localization in
adult humans.
Plasticity in the adult cortex
For the visual, somatosensory and auditory systems, the
primary cortical field is characterized by the presence of a
topographic representation of the receptor surface. The
visual and somatosensory cortical areas contain neural
maps of the retina — and therefore of the visual field —
and the body surface, respectively, whereas sound fre-
quency is mapped over the surface of the auditory cortex.
Much of the early work on adult cortical plasticity focused
on the dynamic nature of these representations. For
example, small lesions of the receptor surface are followed
by a reorganization of the cortical maps, so that neurons
that previously represented the damaged area become
sensitive to neighbouring regions [1]. 
Perceptual learning — the improvement in performance
on a given sensory task that is seen with practice — is also
accompanied by cortical map plasticity. Adult monkeys
can be trained to show an improvement in acuity on either
a tactile [2] or an auditory [3] frequency discrimination
task. In both cases, the perceptual changes are associated
with an expansion in the cortical representation of the
stimuli used for training [3,4]. In addition to changes in
receptive field size and map topography, other response
characteristics of cortical neurons in adult animals can be
altered by experience. For instance, temporal firing
properties can change with behavioural training or after
conditioning with various stimuli [5–7].
In the case of the auditory system, plasticity of temporal
information processing may be related to the substantial
improvement seen with practice in the discrimination of
different intervals between successively presented tones
[8] and in the detection of tones followed by masking
noise [9]. Beyond their academic interest, these findings
may have considerable practical benefits, because it has
been demonstrated that training in temporal processing
can be used to improve the ability of language-impaired
children to understand and respond to the very short-
duration sounds contained in speech [10].
Plasticity of auditory localization
Most studies of perceptual learning in adults have shown
that behavioural training can be used to elicit improve-
ments in performance on a variety of sensory discrimina-
tion tasks. One aspect of hearing that we might expect to
be particularly influenced by sensory experience is audi-
tory localization. In contrast to the location of a visual or
somatosensory stimulus, the location of a sound source is
not represented at the level of the receptor cells. This
stimulus parameter must therefore be computed within
the brain by tuning neurons to particular acoustic localiza-
tion cues. Mammals rely primarily on binaural cues — dif-
ferences in the level and timing of sounds between the two
ears — for localization in the horizontal plane. Vertical
localization is based on spectral cues — direction-specific
differences in the way in which the amplitude of the sound
varies with frequency — produced by interactions with the
convolutions of the outer ear (Figure 1). These spectral
cues are also important for making front–back distinctions
and for localization under monaural listening conditions.
The size and shape of the head and outer ears determine
the monaural and binaural cue values associated with
different sound source locations. Consequently, these
values can vary between adult subjects and even between
the left and the right sides of the same subject [11]. They
also undergo pronounced changes during the course of
postnatal development as the head and ears increase in
size [12,13]. Much of the evidence demonstrating plastic-
ity in the neural representation of sound source location
has come from studies of the superior colliculus. In this
midbrain nucleus, the locations of auditory, as well as
visual and tactile, stimuli are represented in the form of
topographically-aligned maps of sensory space. This
arrangement allows different sensory cues, irrespective of
their modality, to converge on motor output pathways that
control orienting movements of the eyes, head and, in
some species, the outer ears. 
Studies in which auditory or visual inputs have been altered
experimentally have shown that the developing representa-
tion of auditory space is refined and calibrated by sensory
experience [13]. For example, plugging one ear in young
barn owls [14] or ferrets [15] results in a compensatory
adjustment in the auditory space map in the superior collicu-
lus. As a result, the auditory map develops in register with
the map of visual space, in spite of the presence of abnormal
binaural localization cues. Moreover, a similar adjustment is
found in auditory localization behaviour in both species fol-
lowing a prolonged period of monaural occlusion [12,16].
Developmental plasticity is clearly important for shaping
neuronal sensitivity to auditory localization cues during
the period when the association between those cues and
the locations in space to which they correspond is chang-
ing. Most of the adaptive changes that occur in response to
altered sensory inputs appear to be restricted to a period of
early postnatal life, suggesting that the need for plasticity
declines once the head and ears have attained their adult
size. Nevertheless, in view of the adaptive plasticity seen
in the processing of other auditory features, it seems likely
that auditory spatial representations, particularly at the
level of the cortex, are capable of accommodating at least
some changes in acoustic cues throughout life. This could,
for example, be especially important during ageing, when
hearing impairments may alter the spatial pattern of
localization cues. However, while the perception of sound
source location by adult humans can be modified by a
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Auditory localization cues generated by the outer ear. The blue traces
on the right illustrate how the gain in sound pressure produced by the
ear varies with frequency for three different elevations on the midline.
These measurements are made by placing a small microphone near
the eardrum. The location dependence of the monaural spectral cues —
or head-related transfer functions (HRTFs) — reflects the subtle
interactions between the incoming sound and the convolutions of the
outer ear.
number of factors, such as spatially-discordant visual 
cues [17], attempts to demonstrate adaptation to altered
auditory inputs have produced conflicting results
(reviewed in [12]).
Auditory adaptation in adult humans
Two recent studies [18,19] have now shown that adult
humans can learn to associate new auditory localization
cues with positions in space. The location-dependent
filtering properties of the outer ear — the so-called ‘head-
related transfer functions’ (HRTFs) — can be measured
using a microphone inserted into the external auditory
canal (Figure 1). By filtering sounds presented over head-
phones using the HRTFs that correspond for each ear to
particular positions in space, it is possible to generate
‘virtual auditory space’ stimuli, which provide the listener
with an accurate percept of sounds originating from
outside the head [20]. Smoothing the HRTFs has little
effect on the perceived location of the sound source,
suggesting that the principal frequency peaks and valleys
— rather than the detailed spectral structure — contribute
to auditory localization [21]. Simulation of localization
cues works best when subjects listen to HRTFs based on
their own ears [22] — providing further evidence that the
auditory system is calibrated to individual cue values.
In an attempt to improve their auditory localization
performance, Shinn-Cunningham et al. [18] trained listen-
ers with ‘supernormal’ cues, created by transforming the
HRTFs so that the differences between the cues associ-
ated with sound locations in front of the subject were
larger than normal, whereas those corresponding to more
peripheral locations were smaller. As expected, spatial res-
olution was initially enhanced for the frontal regions and
degraded for the lateral regions. With repeated testing
during a single session, these subjects appeared to adapt
to the altered relationship between the acoustic cues and
positions in space. This adaptation was not complete,
however, in that they continued to show some systematic
errors when localizing a sound with the modified HRTFs.
A negative after-effect was apparent upon restoration of
normal HRTFs, in that responses tended to be biased in
the direction opposite to that seen when the transformed
cues were first introduced.
A different approach was taken by Hofman et al. [19].
They examined the consequences of manipulating spec-
tral localization cues over a much longer period of time
by fitting moulds to the outer ear. These implants altered
the way in which the amplitude of high frequency sounds
varied with elevation. Rather than using virtual auditory
space, Hofman et al. [19] adopted the more traditional
approach of measuring auditory localization in the free
field. They found that elevation judgments were initially
disrupted, whereas horizontal localization was unim-
paired. Because the subjects were asked to move their
eyes toward the sound source, these measurements were,
however, restricted to the oculomotor range and there-
fore did not show whether — as expected from the
altered spectral cues — the incidence of front–back con-
fusions increased. 
Hofman et al. [19] found that their subjects’ elevation
errors largely disappeared over a period of several weeks,
suggesting that they had learned to associate a new spatial
pattern of spectral cues with positions in space. If that was
the case, removal of the moulds should have led, as in
other studies [12,17,18], to an after-effect involving sys-
tematic errors in the opposite direction. This did not
happen, however, as restoration of normal spectral cues
immediately resulted in responses that were as accurate as
those seen before the moulds were inserted. Conse-
quently, it would appear that both normal and modified
spectral cues can, with sufficient practice, be used almost
equally well for making elevation judgments — a finding
that has implications for the way in which these cues are
encoded in the brain. Another possibility, however, is that
the moulds altered the spectral cues in a different manner
for each ear, thereby introducing salient interaural level
differences in the vertical dimension. 
These studies raise intriguing questions about the nature
of the physiological changes that presumably underlie this
form of perceptual learning. The spectral localization cues
provided by the outer ear are used in constructing the
map of auditory space in the superior colliculus. In con-
trast to other manipulations of either auditory or visual
inputs, disruption of the spectral cues by pinna removal in
juvenile ferrets is not apparently accompanied, even after
many months, by a compensatory change either in the
spatial tuning of these neurons [23] or in the animals’
localization behaviour [24]. The spectral cues were,
however, altered more profoundly in these experiments
than in the human auditory localization studies. Tests of
various measures of binaural hearing also reveal a lack of
adaptation in human listeners born with a unilateral con-
ductive hearing loss [25].
Together, these studies suggest that, while the capacity
of the brain to re-interpret auditory localization cues
seems to be developmentally regulated, it might be
limited primarily by the magnitude and nature of the
required re-mapping and the availability of other spatial
cues such as those provided by the visual system. More-
over, as with other forms of sensory plasticity, it would
appear that different types of adaptation exhibit different
time courses, and that the potential to reveal experience-
mediated changes may depend upon the behavioural task
that is employed. 
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